Function is an important aspect of artifacts in engineering design. Although many definitions of function have been proposed in the extensive research mainly in engineering design and philosophy, the relationship among them remains unclear. Aiming at a contribution to this problem, this paper investigates some ontological issues based on the role concept in ontological engineering. We discuss some ontological distinctions of function such as essentiality and actuality and then propose some fundamental kinds of function such as essential function and capacity function. Based on them, we categorize some existing definitions in the literature and clarify the relationship among them. Then, a model of function in a product life-cycle is proposed. It represents the changes of existence of the individuals of each kind of function, which are caused by designing, manufacturing and use. That model enables us to give answers to some ontological questions such as when and where a function exists and what a function depends on. The consideration on these issues provides engineers with some differentiated viewpoints for capturing functions and thus contributes to consistent functional modeling from a specific viewpoint. The clarified relationships among the kinds of function including the existing definitions in the literature will contribute to interoperability among functional models based on the different kinds and/or definitions.
INTRODUCTION
This paper discusses some ontological issues on functionality, which is one of the crucial concepts in design. Much research has been carried out on the notion of function in several research areas such as engineering design [1] - [6] , functional representation in artificial intelligence [7] - [12] , value engineering [13] and philosophy [14] - [16] . The problem here is that there are many definitions of function without clear relationship among them [4] [6] [16] . It is one of the deep reasons of the difficulty of description of functional knowledge and its interoperability. By functional knowledge, we here mean mainly a product model from the viewpoint of functionality such as functional decomposition [2] , which consists of functions of components, sub-systems and the whole system, and the relations among those functions. Without clear understanding of function, engineers tend to describe functional knowledge based on an implicit perception of function in an ad hoc manner. As a consequence of inconsistency of the implicit perceptions, it is difficult to share and reuse the functional knowledge. Even if functional knowledge is clearly based on one of the definitions in the literature, the interoperability between functional knowledge based on different definitions of function is difficult due to the lack of the clear relationship among those definitions mentioned above. In order to realize consistent and interoperable description of functional knowledge, we need to clarify relationships among different definitions of function in the literature as well.
Ontological engineering in artificial intelligence research [17] [18] can contribute to clear understanding of function and then to promotion of the functional knowledge sharing. Recently, the concept of "ontology" attracts much attention in engineering design as well (e.g., [19] ). In many of them, however, ontologies have shallow semantics as a shared vocabulary or a data schema (called light-weight ontologies [18] ). Rather, the deep ontological consideration as so-called a heavy-weight ontology is needed for clear understanding of function. Such ontological considerations on function (e.g., [10] [20] ) as well as deep considerations in philosophy have been done to date.
The authors also have investigated the notion of function based on deep ontological considerations and proposed a functional modeling framework based on heavy-weight ontologies [21] - [27] . The framework has been successfully deployed in the daily work in some manufacturing companies [24] . In the deployment, an ontological distinction between function ("what to achieve") and the way of function achievement ("how to achieve") [24] has enabled the engineers to describe functional knowledge consistently and clearly. Such consistent description has promoted the engineer's reflective thinking in (re)designing and problem-solving and the communication among the engineers. Many real benefits of those ontological distinctions have been proven in the deployment [24] .
The purpose of this paper is to investigate some fundamental and ontological issues of function for clearer understanding of function and for further consistent modeling. Some of the ontological issues that we concentrate on in this paper are as follows; This issue asks how the existence of function changes in the product life-cycle by activities such as designing, manufacturing and use. The answers to these questions are unclear and different according to several definitions of function in the literature. For example, Umeda et al. define a function as"a description of behavior abstracted by human through recognition of the behavior in order to utilize it" [3] . In this definition, a function is a special kind of process (intuitively, temporal changes of physical attributes in the physical world) in the use phase of an artifact. Such a process caused by an artifact can be considered that it exists outside the artifact. On the other hand, Hubka and Eder define "function is a property of technical systems" [1] . In this definition, function is a property of an artifact as a result of a manufacturing process. Thus, according to these two definitions, the answers for the first ontological issue above are "a function exists outside an artifact, which performs the function" and "a function exists inside an artifact, which has the function as its property", respectively. This is not a special case as we will discuss in this paper in detail. The perception similar to the former can be found in many definitions (e.g., [2] [5] [7] [8]) in engineering design and artificial intelligence. The perception similar to the latter can be found mainly in philosophy (e.g., [15] [16] ).
Thus, the investigation on those ontological issues of function in this paper contributes to clarification of the notion of function and the relationship among several definitions in the literature. It also provides some differentiated viewpoints for capturing functions and thus contributes to consistent modeling of function based on a specific viewpoint.
In this paper, we investigate those ontological issues of function based on the role concept in ontological engineering [28] [29] . A role is intuitively defined as "an entity that is played by another entity in a context" [28] . Using the role concept, we define function-related concepts such as device, behavior, function context, function [24] and capacity to perform a function [30] and clarify the relationship among them. Then we make five ontological distinctions of the function-related concepts and then define some kinds of function based on these distinctions. Using these kinds of function, we categorize some definitions in the literature and try to clarify the relationship among them. We have proposed some upper-level types of function [27] . This paper investigates more fundamental kinds of function.
Then, Section 3 discusses changes of existence of function by designing, manufacturing, and use based on those concepts introduced in Section 2 and then proposes a macroscopic temporal model of function in a product life-cycle. For example, we discuss what kinds of function exist after the design process. On the basis of those considerations, the ontological issues introduced above will be discussed. We will give some answers to those questions using the kinds of function based on the ontological distinctions. Section 4 discusses related work followed by the concluding remarks.
ONTOLOGICAL DISTINCTIONS OF FUNCTION 2.1. Context-dependence (Behavior and Function)
One of the crucial characteristics of function is contextdependency. According to the context-dependency, we can distinguish function from behavior. As a fundamental viewpoint for capturing an artifact 1 in the physical world, we adopt the device ontology in our research [24] . From its device-oriented viewpoint, we regard an artifact as a system (composition) of devices. Devices are connected to other devices via ports and form the whole system. A device itself consists of other devices of smaller grain size, which form a whole-part hierarchy. A device operates on other things we call operands, and thus it changes their physical states. The operand is something that flows through the device via ports and is affected by the device. Here we define behavior of a device as the changes in the attribute values of the operands from the value at the input port of the device to the value at the output port. Such a behavior of a device is constant with respect to the device's situation and/or its context (i.e., context-independent).
On the other hand, function depends on a teleological context (we call function context), which represents how the device is used. A behavior can perform different functions according to contexts. For example, the behavior of a heat exchanger is always "to exchange (transfer) heat", which is described as temporal changes of the temperatures of the fluids. However, its function is "to give heat" when it is used as a heater with a turbine in a power plant, or "to remove heat" when it is used as a radiator with an engine in a car. Thus, we define function as "a role played by a (device-oriented) behavior in a teleological (functional) context" 2 [24] ．A role concept cannot be defined without a context and the existence of a role concept depends on the existence of the context [28] . Strictly speaking, a function is a composite of a function-role concept and the behavior playing the function-role concept, which is a kind of a thing generally called a role-holder [28] .
Based on the definition, we say that "a behavior plays a function role". If a device performs a behavior and the behavior plays a function role in a context, then the device plays a function-performer role in the context. For example, the heatexchange behavior plays the heat-removing function role, and then the heat exchanger plays the function-performer role of removing heat as a radiator. Figure 1 shows such relationships among a device, an operand, behavior, function and function context. The left part shows generic relationships. The right part shows those in the example of the heat exchanger.
Our definition of function treats function's intentionrelatedness in the literature as the context-dependence. The intention-relatedness is captured in the literature as "aimsmeans" [1] , "means and ends" [8] , F-B relationship [3] and in value engineering [10] . We categorize the function context and then identify kinds of function based on the categorizations in the following sections. In some philosophical considerations [15] [31] [32] , function is regarded as a role. According to the categorization of definitions of function in [16] , our definition is a kind of 'goal-contribution theory' in 'recent past backwardlooking reductionist category'. In ontological engineering, general characteristics of roles have been investigated such as 'externally-founded', 'anti-rigid' and 'dynamic/multiple' [28] [29] . We have shown that the characteristics of function satisfy those generic characteristics of roles [24] . On the other hand, in some definitions in the literature [2] [5] [7] , function is not distinguished explicitly from behavior based on the intentionrelatedness. for a function of a component embedded in a system. The system function context is determined by a functional structure in which the system's function is achieved by a sequence of (relatively finergrained) components' functions. We call this type of function under a system function context a component function. The functions of the heat exchanger discussed above are examples of this type. When the heat-transfer behavior of the heat exchanger is embedded in a power plant, under the system function context which consists of the whole function "to convert heat energy to electricity" and the functions of other components in the system configuration of the power plant, we can recognize "to give heat" as the component function of the heat exchanger. The heat exchanger performs a function-performer role of giving heat and is called "heater" as a role-holder as shown in the right part of Figure 1 .
What Determines the
Such a functional structure is called "degree of complexity" [1] , function decomposition [2] , or function achievement relation [24] . The causal-role function analysis [15] also captures the relationship between the whole function and the component functions as contribution. The constituent function [33] also is similar to the component function.
On the other hand, the latter external function context depends directly on the user's intention. For a device as the whole product, its external function context is determined by how it is used by a user externally. A function in an external function context (which we call the external function) is directly intended by a user. Some external functions are also intended by the designer, as discussed in the next section. For example, a screwdriver can be used for performing a screwing (exerting rotational force on a screw) function or a hitting (exerting linear force on something) function using the tail part of the screwdriver. The performed function of a screwdriver at a specific use depends on the user's intention. The external function context determines the whole function of an artifact as the whole system. Based on the whole external function as the system function context, the component functions of the components of the system are determined.
This distinction between these two kinds of functions is related to the issue of what a function depends on. The external function depends on a user's intention, while a component function depends on a functional structure of the system. For the component function, although the functional structure of the system depends on the user's intention, the dependence on the user's intention is indirect. In this sense, we could say that the component function depends on the system. Note that a function depends not only on a context but also on a behavior and a device which performs the function as discussed in Sections 2.4 and 3.4. By the word "external" in the external function, we mean that its context is external to the device as the whole system. The external function depends both on the external function context and on the capacity of the device as discussed in Section 2.4.
Essentiality (Essential Function and Accidental
Function) The function context is categorized also according to its essentiality. In the example of the screwdriver discussed above, the screwing function is intended by its designer. The screwdriver is designed and manufactured for performing this function. Such a function context that is intended by a designer in the design phase is called a designed function context and the function under this context is called an essential function. On the other hand, the hitting function of the screwdriver is intended not by the designer but only by the user. Such a function context is called an accidental use function context and the function under this context is called an accidental function. This distinction of function is relative with respect to a device. For example, the screwing function could be performed by a key as its accidental function. The hitting function is an essential function of a hammer.
This distinction can be considered not only among the external functions discussed thus far but also among the component functions. In other words, those distinctions are orthogonal to each other. A component is designed and manufactured for a specific function, which is its essential function. When a component is integrated into a system, a designer of the system can use a component for achieving its essential function or a different function as an accidental function. For example, slurry containing diamond powder is manufactured for improving cutting efficiency. However, in a cutting machine, the slurry is also used for cooling the cutting blade. In this case, from the viewpoint of the intention of the designer of the slurry as a component, the slurry performs a cooling function as an accidental function.
Such accidental use is distinguished from a (proper) function in some philosophical writings (e.g., [14] [16]). Such accidental use is called "function-as." We regard an accidental effect as a function if it is recognized in a specific function context. If not, it is a behavior. The first justification for our use of the term function here is the effect-oriented definition from the engineering viewpoint. As actual effects, an essential function and an accidental function can have the same intended effect for users. The second justification is that we discuss mainly functions actually performed by a device, which is different from the function inhering in device in philosophy as discussed in the next section.
Performance and Capacity (Actual Function and
Capacity Function) A function discussed thus far is a role played by behavior performed by the device. It actually exists in the physical world when the device is used. In this sense, we can call this function actual function. On the other hand, a device that performs an actual function is needed to have capacity to perform the function, which is based on a set of appropriate properties (e.g., physical attributes, structure, geometry and material) for realization of the behavior that plays the actual function as a role. The capacity to perform a function is possible, potential and inherent in a device.
This distinction between the actual function and the capacity to perform the function is orthogonal to other distinctions discussed in Sections 2.2 and 2.3. For an essential actual function of a device, the physical properties necessary for the capacity to perform that function are intentionally designed by a designer and are manufactured. For an accidental actual function, a device's capacity to perform that function is not intended but potentially inheres in the device. When an appropriate context and appropriate inputs for an actual function are given to the device, the device's hidden capacity to perform that function is induced and is exhibited. Then that function is actually performed. The possible actual function is restricted by the device's capacity to perform the functions. In the example of the screwdriver, the screwdriver has potentially the capacities to perform (at least) the screwing actual function and the hitting actual function based on its shape and hardness. The latter capacity is hidden in usual use and is induced when it is used as a hummer in an accidental function context.
In philosophy, a function is typically a special feature of artifacts [16] . In causal-role function analysis [15] and ICE theory [32] , a technical function is regarded as a special kind of capacity (or disposition) to be ascribed to an artifact. In engineering design, as mentioned in Introduction, Hubka and Eder [1] define functions as follows: "The function is a property of the technical system, and describes its ability to fulfill a purpose, namely to convert an input measure into a required output measure under precisely given condition." In their definition, a purpose represents intended effects as output effects, while a function is the ability for an internal task of the technical systems.
We call this type of function capacity function, which represents capacity to perform an actual function. We call the capacity function to perform an essential actual function of a device as an essential capacity function. For an accidental actual function, we call an accidental capacity function. Thus, the purpose and the function in Hubka and Eder's definition [1] roughly correspond to the actual function and the capacity function in our terminology, respectively. Boorse [31] makes a similar distinction in terms of a "weak function statement" and a "strong function statement", which roughly correspond to the actual function and the capacity function, respectively. The distinction between function and functioning in [34] is also similar. In [34] , the function of a biological organ is defined as "a disposition to act in a certain way to contribute to the realization of [a ...] larger function" [34] . The functioning can be realized in temporal physical space as a SPAN entity. These roughly correspond to the capacity function and the actual function, respectively. Their definition of function is, however, different from our capacity function in the senses of disposition and reliability. Moreover, our actual function is a role played by a behavior and includes that in an external function context.
There are deep ontological differences between these two types of functions. A capacity function is a thing (property) that a device has, exists inside the device, and is dependent on the device. On the other hand, an actual function is a thing that a device performs (cannot have), exists outside the device and is less dependent on the device. Thus, when we say "a device has a function", the function represents a capacity function. This capacity function represents a possibility to perform an actual function and thus is potential and hidden in device. It is induced by a user.
We define a function as an actual function as discussed above. Its justification is from the realization-independence of function. A behavior and physical features of an artifact are specific ways of realizing the required function. A function can be realized by different behaviors (and artifacts) in different ways. Thus a function should be independent of its realization. This engineering requirement justifies our definition of functions as an actual function detached from artifacts.
Performance and Specification (Actual function
and Specification of Function) The actual function introduced in the previous section actually exists in the temporal physical space in the time interval of the actual use by a user. On the other hand, we can consider a specification of function (SF), which specifies an actual function to be made exist in the physical world. Generally, a specification is a proposition that specifies a thing in the real world [18] . In the usual terminology in engineering design, the term "a specification of function" seems to refer to a specification of a device from the viewpoint of functionality. In addition to this meaning, by the term, we here mean a set of constraints on the actual function to be performed by the device. In the same manner, we consider a specification of behavior. When we use the term "a specification of device", by the term, we here mean a specification of the physical aspect of a device. Its typical example is produced as the result of the design process and specifies the physical properties of the device to be manufactured. The specification of function that is a result of a conceptual design is called specification function. We discuss this topic in detail in Section 3.1. See examples in Sections 2.6 and 3.1. Moreover, the capacity function discussed in Section 2.4 is represented as a specification of function (SF) as discussed in Section 3.2.
By specification, we here mean a proposition that gives constraints on an actual function. Thus, a specification of function is not needed to be described on a physical thing. Thus, it is not only a formal description such as formal design requirements but also a hidden proposition as a capacity function as discussed in Section 3.2 or a mental proposition as a required function at the use phase discussed in Section 3.3.
Class and Instance of Function (Functional Class
and Instance) We can identify generic types (classes) of function in is-a (akind-of) hierarchies. In the literature, the hierarchy for the "degree of abstraction" of functions [1] , generally-valid function [2] , a taxonomy of generic functions called Functional Basis 3 [5] have been proposed. We also have proposed an ontology of generic functional classes called a functional concept ontology [22] and have established the mappings between it and Functional Basis [26] . In the ontology, a functional class consists of constraints on behavior playing the function-role and propositions for teleological interpretation called functional toppings [21] [22] . For example, a definition of the "to give heat (to medium A)" function includes the behavioral constraints; the existence of two mediums A and B for heat and the existence of a thermal energy flow from B to A. The definition includes also focus on the transferred thermal energy and focus on the heat receiver (the medium A) for teleological interpretation.
Such definitions of the function classes conform to the generic form of definition of the role-concepts. A role-concept is defined mainly with constraints on its player, specification of a context in which the role is played, and own attributes [28] . In the case of a function-role, the constraints on the player are those on some features of behavior and refer to a limited part of behavior. It enables us to treat the possibility that some behaviors can play the same function as a role. The specification of the context consists of constraints on the functional toppings. The functional toppings represent focuses on local elements in a device (e.g., energy and medium) as a reflection of a functional context, which is not internal in either cases of the system function context and the external function context. Thus, each functional class can be defined internally, while the recognition of a concrete actual function as a role played by a behavior is done according to a non-internal function context. After recognition of function, a functional structure of a system consists of instances of the internally-defined generic functional classes and relations among them.
According to the categorization of function discussed thus far, individuals of function also are categorized into instances of the classes of actual functions, those of specifications of function or those of capacity functions. We discuss the existence of those instances of functions in Section 3. The following paragraphs give the overview of the relationships using simple examples.
A functional class discussed above defines constraints on individuals of actual functions. When a device performs a function in the use phase, an individual of an actual function is instantiated from a functional class as its instance (called instance-of relation) as discussed in Section 3.4. For example, when a heater performs a giving-heat function in a specific function context, an individual of the actual function is instantiated from the "to give heat" class. The instance of a functional class satisfies the constraints defined in the class. The instance of the "giving-heat" function consists of the focus on the transferred thermal energy, the focus on the heat receiver and own attribute values such as a value of the thermal conductance (we call attribute values of function). In the same manner, the behavior playing the giving-heat function-role consists of at least two heat-carrying-mediums and a thermal energy flow between them. The behavior includes other changes which an agent (a designer or a user) does not intend and/or care about.
A functional class specifies its instances. In this sense, a functional class is similar to a specification discussed in the previous section. In fact, the instance-of relation is similar to the relationship between an instance of a specification of function and an instance of an actual function (called realization-of relation [18] ). An instance of a specification of function can be regarded as a class-equivalent, though a class is not an entity but an instance of a specification of function is an entity. The classes of specifications of function can be defined in the same manner of the classes of actual functions. For example, there is a "to give heat" class of specifications of function, which refers to the "to give heat" class of the actual function discussed above. As we discuss in Section 3.1, a design result includes a specification of function to be realized. For example, a result of designing of a heater includes an instance of the "to give heat" class of specifications of function (SF). This instance specifies optionally the attribute values of the function such as the thermal conductance mentioned above (called attribute values of specifications of function). This instance of SF gives constraints on an instance of the "to give heat" class of the actual function.
Class of Device and Function
As discussed in Section 2.3, a device is designed and manufactured for performing its essential actual function. When the device loses its capacity to perform the essential function, the device is not regarded as the same device (we will revisit this topic in detail in Section 3.5). Thus, for a device, the capacity to perform its essential actual function is an essential property of the device. Generally, the notion of the essential property of a thing is used for providing its identity in ontological engineering [18] . For example, the capacity to perform the screwing actual function is the essential property of a screwdriver. A screwdriver is designed and manufactured for having this property. When a screwdriver loses this capacity, it is not regarded as a screwdriver anymore. Note that the actual performance of an essential function (i.e., as an actual function) of a device is not an essential property of the device. Even if a screwdriver is used for hitting a nail as an accidental function, we can say that it is still a screwdriver. The essential property of a device is the capacity to perform its essential actual function.
A definition of a class (type) of a device includes the capacity to perform its essential actual function as a main part. The capacity of its essential function refers to a functional class 4 . Thus, the capacity to perform a function essentially needs to refer to a class of an actual function, which is defined independently of a device. Additionally, a definition of a class of a device includes the capacities to perform its accidental functions which are known as the functions that the device can possibly perform. Such possible accidental functions induced by accidental uses, in principle, cannot be enumerated completely before used in reality.
An instance of a device class has the capacities to perform the functions which are specified in the definition of the class. For example, the screwdriver class refers to both the screwing functional class and the hitting functional class as the capacities to perform functions. An instance of a screwdriver has at least both capacities unless it is broken and malfunctioning.
CHANGES OF EXISTENCE OF FUNCTION
In this section, we discuss temporal changes of existence of function in a product life-cycle, which are made by activities such as designing, manufacturing and use. Its aim is to investigate the ontological issues such as where and when a function comes into exist and disappears. Figure 2 ). For example, the design activity causes the transition from the phase (a) to the design result phase shown in Figure 2(b) . In the following sections, we discuss what kinds of function exist in what phase and the relations among them.
Designing Activity
For a designing process, a function context of anticipated use and an actual function to be realized are usually specified as given inputs for the designing problem, though these specifications of the functional context and the function are incomplete in many cases. In Figure 2 (a), these design requirements for the designing activity are represented as an instance of a specification class of a function context (SFC 1 : "a person sits on a device" as an example for a chair) and an instance of a class of a specification of function (SF 1 : "to support a person being in a sitting position"). The SF 1 is a specification (in the sense discussed in Section 2.5) of such a function that should be performed by a device to be designed. It is regarded also as a function-level specification of the device. Thus, this specification of function can be regarded as so-called a required function.
After the designing process, there are the specifications of functions, behaviors and devices, which are determined in the designing process for satisfying the design requirements. In Figure 2 (b), there are a specification of function (SF 2 ), a specification of a device (SD 1 ) and a specification of a behavior (SB 1 ) as the design result. The specification of function as a result of the designing (SF 2 ) usually satisfies the required function (SF 1 ). If not, the situation is failure of the designing task. The SF 2 is called a specification function, which restricts the actual function that exists in the real world as introduced in Section 2.5. Although we could regard the specification of a chair SD 1 as a sub-class of the chair class, we do no adopt this view because this view implies that each designing process generates a new class of a device.
Manufacturing Activity
The manufacturing activity is to make a device exist in the real world according to a specification of the device. In the example of the chair in Figure 2 , the manufacturing activity makes an instance of the chair class (C 1 ) that satisfies the conditions of the specification of a chair (SD 1 ) as shown in Figure 2(c) . The chair instance C 1 has an instance-of relation with the class of a chair and has a realization-of relation with the specification instance SD 1 . As discussed in Section 2.6, these relations have the same role, that is, to restrict the chair instance C 1 .
In Figure 2 (c), the chair instance C 1 has an instance of specification of function (SF 3 ) that is to support a person as a capacity to perform a function. In other words defined in Section 2.4, the chair instance C 1 has a capacity function SF 3 ; to support a person. The existence of SF 3 is based on the specification function SF 2 as the result of the designing. Thus, SF 3 is a capacity function of an essential actual function. The propositions of SF 3 are determined by the manufacturing process. Ideally, SF 3 is equal to SF 2 . If SF 3 does not satisfy SF 2 , it represents the case of failure of the manufacturing activity. In addition, the chair instance C 1 can have specifications of functions other than SF 3 as its capacity functions of accidental functions. These specifications are based on the physical properties of C 1 as the derived (and unintended) results of the designing and the manufacturing for realizing the required function SF 1 . In Figure 2 (c), the chair instance C 1 has another capacity function SF 4 "to move an entity" as a possible accidental function. As discussed in Section 2.5, those specifications of function (SF) of the capacity functions (especially that of an accidental function) are hidden propositions. Figure 2(d) shows a situation when a user intends to realize a specific function in a specific external function context. There is an instance of the external function context (FC 1 : "a specific person (person 1 ) sits on a device") and an instance of the specification of function (SF 5 ) representing the user's intention ("to support the person 1 "). The SF 5 is similar to the required function SF 1 before designing and thus can be called a required function in the use phase. The required function SF 1 before designing, however, specifies only looser restrictions on instances of actual functions in a generic context, while the required function in the use phase SF 5 specifies tight restrictions on the instance of the actual function in the function context that is fully determined according to the specific context of use. However, the function context FC 1 and the specification of function SF 5 specify neither the instance of the device to perform the function nor its class. Thus, the user does not determine what device he/she wants to use in this phase yet.
Use Activity: Intending to Use

Use Activity: Actual Use
As shown in Figure 2 (e), when a device C 1 is used in the function context FC 1 intended by a user and the device C 1 has the capacity to perform a function satisfying the intended specification of function SF 5 , the device performs a behavior instance B 1 and the behavior B 1 plays the actual function instance F 1 as a role in the intended function context FC 1 . This is a result of a user's activity to select such a device C 1 that has a capacity to perform the actual function F 1 which can satisfy the required specification of function SF 5 . Thus, F 1 satisfies SF 5 (F 1 is-realization-of SF 5 ). The specification SF 5 has a role of specifying the actual function F 1 . Thus, those instances have different identities.
In Figure 2 (e), because the actual function instance F 1 satisfies the specification function SF 3 (the essential capacity function of the device C 1 ) associated with the specification function SF 2 as the result of the designing process, we can say that an essential function of the device C 1 is actually performed and F 1 is an essential actual function. As a result, F 1 is a realization-of SF 2 , SF 3 and SF 5. On the other hand, an actual use of an accidental capacity function of the device C 1 can be represented as a situation that the actual function instance F 1 satisfies the capacity function specification SF 4 ("to move an entity") that is other than SF 3 based on the designed specification function SF 2 . The capacity that implicitly inheres in the device is induced by the use and then an accidental actual function is performed.
Thus, the performance of an actual function (F 1 ) can be regarded as successful if F 1 satisfies both the required function at the use phase (SF 5 ) and the capacity function of a device (SF 3 or SF 4 ). If not, it represents the case of failure of the performance of an actual function as discussed in the next section.
In Figure 2 (e), F 1 is an instance of the supporting functionrole class F a . The existence of this role-instance primarily depends on the intended function context FC 1 . Then, the actual function-role instance F 1 and the behavior B 1 as its player compose a role-holder as a complete actual function. From the temporal point of view, these occurrences are at the same timepoint. From the viewpoint of causality, we however can consider that the causal order of these occurrences is the existence of the function-role and then the role-playing by the behavior. In this sense, the existence of the actual function as a roleholder also depends primarily on the function context FC 1 as the user's intention, while it depends on the device's capacity to perform the function (for the existence of the behavior) as well. Thus, we can consider that the identity of the actual function F 1 depends primarily on the function context FC 1 . For example, let us consider a case where a user initially sits on the left part of a sofa and then moves to the right part of the same sofa for better comfortableness. If we view this use-sequence of the sofa being invoked by the same requirement/desire, we can consider that there is only an individual of the actual function "to support the user" and the same function-role is played by different behaviors achieved by the same sofa. In other words, there is only an instance of a function-role but are two instances of the role-holder of the function-role. The individual of the role-holder is instantiated for each time of playing the role.
There are two cases of the accidental use. The first case is that the accidental usage of a device has been known and has been anticipated. The second case is that the specific usage of a device is newly found. The former case is represented as the association between the device and the function that is defined at the class level as discussed in Section 2.7. In the latter case, we can say that the association is emerged. Note that the functional class itself is defined previously and then is not emerged.
Use Activity: Non-Use and Malfunction
In such a situation that no person sits on the chair C 1 , we can describe this situation as a model in which the capacity functions SF 3 and SF 4 exist as properties of the chair C 1 and there is no actual function.
Let us consider such a situation where a leg of a chair C 1 is broken and thus a person cannot sit on it when a user intends to do so. If a user is aware of the insufficiency of a device's capacity to perform a required function, that device is not selected usually for the function by the user. If the user is not aware of it and the user sits on the chair once, an instance of actual function exists for a moment then immediately disappears according to the failure of performance of the function.
The problem here is that, at this time point, a chair C 1 loses its essential property, that is, the capacity to perform its essential function; to support a person. In this situation, whether the entity C 1 can be recognized as a chair or not depends on the possibility of repair and the length of the time interval to be considered. If the entity C 1 can be repaired for resuming having the capacity and we consider a longer time interval including the repairing period, we can consider that the C 1 remains a chair. Such recognition is natural, for example, for a car without gas. On the other hand, if the chair cannot be repaired and/or we consider the time point only, the entity C 1 could not be regarded as a chair.
Summary of Existence of Function
The followings show a short summary of the existence of instances of function discussed thus far.
• Start of designing (shown in Figure 2 (1) comes into exist when a device is actually used for the function, (2) exists dependently on a function context for the function as the user's intention, (3) exists dependently on the device's capacity to perform the function, (4) exists dependently on the existence of a behavior as a player and that of the performing device, (5) exists outside the device, and (6) exists completely as a role-holder.
On the other hand, for an essential capacity function, which is similar to some definitions in philosophy, an instance of that function (1) comes into exist when a manufacturing process of a device finishes, (2) depends on the designer's intention for the device, (3) exists dependently on the device, (4) exists inside the device as a property, and (5) inheres essentially in the device. The main contribution of this paper is that the ontological distinctions introduced enable us to describe such propositions clearly based on different perceptions of function.
At the instance level of the proposed model, the instance of an essential capacity function is an essential property of a (function-oriented) device and exists during the whole period of the device's existence (except the period of malfunctioning). Thus, its existence is stable. On the other hand, the instance of an actual function exists dependently on a specific function context such as a user's intention and its existence is supported by a realized behavior of a device and the device's capacity to perform the function. Thus, its existence is dynamic. This dynamism fits in well with the properties of the notion of function discussed in Sections 2.1, 2.2 and 2.4; those are function's dependence on contexts and its independence of behaviors and devices as its realization (i.e., a function can be realized by different behaviors and/or different devices). As discussed in Sections 2.3 and 2.4, the justifications of the actual function as our primary definition of function are this realization-independence and the importance of actual effects and values for users from the engineering viewpoint. In engineering, what function a user can obtain is important. It is represented as an instance of a specific type (class) of the actual function (e.g., "to support"). As discussed below, such a class is defined as a sub-type not of the capacity function but of the actual function. Moreover, in engineering process, the instances of the specifications of function play a crucial role as the design requirement and the design result as shown in Figure 2 . A specification of function also needs to refer to a specific type of the actual function.
At the class level, the definition of a type (class) of function (e.g., "supporting function" class in Figure 2 ) refers to a behavior as a player and a function context as a context. Thus, it is defined as a sub-type of the actual function as a role. The sub-types of specifications of function (in the left part of Figure  2 ) refer to those classes of the actual function. The definition of a (function-oriented) device also refers primarily to those classes for the specification of its essential capacity function as its essential property. Thus, at the class level, the sub-classes of the actual function play a main role in the class definitions.
RELATED WORK
We discussed definitions of function in the literature related to the ontological distinctions in Section 2. Here we discuss remaining related work. In the contrast with our device-oriented definition of function, Chandrasekaran and Josephson discuss an environment function, as an effect on the environment (the surrounding world of the device) [10] . Some researchers distinguish purpose from function (e.g., [35] [36]), whereby the purpose represents a human-intended goal. Although the effect of the actual function in our definition is local within the device performing the function, the environment function and the purpose capture the effects on the environment or human perception, which are consequences in causal or enabling relations of the local effect. Borgo et al. [20] investigate a formal account of the definitions of function and behavior proposed in [10] . They logically define those concepts as sub-types of the upperlevel categories of the DOLCE top-level ontology.
The Situated FBS framework [11] proposes a design process model with three kinds of environments called the external, the interpreted and the expected worlds. We do not discuss internal processes of the designing activity. Our specifications of function could be categorized into those in these worlds.
Vermaas and Houkes emphasize that functions are features that are ascribed by agents to artifacts relative to use plans and human beliefs [32] . Our external function context depends on such a "use plan," though the functions in the ICE theory are based on an agent's beliefs on capacity and contribution, which are implicit in our definition. Garbacz points out that a function is a state of affairs, which represents a connection between objects and processes [37] . Our definition tries to define the connection in terms of the context from the device-oriented point of view.
Our definition of function is based on the notation of role concept [28] . Much research has been conducted on representation of roles; e.g., [29] [39] . Our analysis of function as role discussed in Section 2 follows the role's characteristics discussed in these papers. Masolo et al. [29] [39] also introduce a context to define a role on the basis of D&S theory [38] . In this paper, we investigated types of contexts for functions and kinds of function based on distinctions of the function contexts.
The exclusive features of our theory of roles include a clear distinction between instantiating a role and playing the actions of a role and hence between the instance of a role and the existence of the role playing thing (role-holder in our terminology) [28] . The 'qua-individual' in [39] is similar to an instance of a role-holder. We conceptualize both a class of a role concept and a class-equivalent of a role-holder.
Vieu et al. investigate modeling strategies of 'artifact' and 'roles' [40] . In their definition, an artifact is the result of an agent intentionally selecting a physical object and attributing to it some capacities, which characterize function as determined by the agent [40] . Their theory can represent the relationship between an artifact and what constitutes the artifact, and intentional use of natural things (e.g., a pebble used as a paperweight [40] ). In this paper, we do not discuss the definition of artifacts and concentrate on the devices that are designed and manufactured intentionally (see the footnote 1). Although the intentional use of natural things seems to be able to be treated as an accidental use in our theory, further investigation on that use remains as future work.
In this paper, we concentrate on a typical functional requirement-driven design process (method). Our intention is to propose not a new design methodology but a model (representation) of function along a product-life cycle including designing. So, we do not discuss the designing process itself (i.e., how to get the design results from the requirements) in Section 3.1. Nevertheless, it clarifies the relationship among design requirements, design results, manufacturing based on the design results, and using it. To cover other design methodologies, e.g., affordance-based design [41] also remains as future work.
CONCLUDING REMARKS
In this paper, aiming at clearer understanding of the notion of function, we proposed some fundamental kinds of functions based on ontological distinctions using the role concept as a key concept. Using the kinds of function such as the actual function and the capacity function, some definitions of function proposed in the literature both in engineering design and philosophy are categorized and the relationships among them are clarified. In many considerations in the literature, such kinds of function have been called just "function" without clear distinctions. Such categorization of the existing definitions and the relationship among them contribute to reconcile the different perceptions behind them and then to clear understanding of the notion of function.
The ontological distinctions led us to propose a model of changes of existence of function in a product life-cycle. The macroscopic temporal model of function enabled us to answer some ontological questions introduced in Section 1 using the kinds of function.
From the viewpoint of design knowledge management, the ontological distinctions and the kinds of functions contribute to consistent modeling of function. The model-authors can describe a functional model consistently based on a differentiated kind of function. The relationships among definitions of function contribute to interoperability of functional models based on different definitions. We aim not at standardization of definition of function but at interoperability of different definitions of function. For this, we had proposed some upper-level types of function as a reference ontology of function [27] . The kinds of function in this paper are more fundamental and will be integrated into the reference ontology.
The ontological consideration on function discussed in this paper is still far from completion. Especially, further investigation on specifications of function and its relationship with actual functions is needed. The temporal model of function discussed in Section 3 treats actual functions in an external function context. An investigation on the model of component functions in system function contexts remains as future work. Furthermore, logical modeling of function like that in [20] is required for clearer semantics of the notion of function.
